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’ INTRODUCTION
For many years, polyhedral oligomeric silsesquioxanes (POSS),
[RSiO1.5]n (n = 4, 6, 8, 10, 12, ...), referred to as Tn, have been the
focus of considerable experimental and theoretical interest because
of their wide variety of practical uses.1 These compounds tend to be
considered as a part of the family of zeolites or related polymeric
species, and also as model compounds of catalytic reactions on silica
surfaces or organic polymers.2 As seen from their highly symmetric
polyhedral structures, they are themselves fascinating targets to be
studied. Examples of such studies are the MD simulation of
monofunctionalized T8
3a and the gas-phase electron diﬀraction
study of POSS structures.3b POSS species, for example, have the
potential to exhibit new functionality by introducing various kinds of
substituents (R),4 by substituting all or some of the atoms in the
POSS frameworks by other elements,4b and by making use of the
cage cavities for encapsulation of atoms and ions.5 The latter is a very
exciting research area for both POSS and other cage compounds,
such as fullerenes,6 and is the focus of the present work.
In the past several years, the present authors have studied
many aspects of POSS andmetal-substituted POSS (metallasilse-
squioxanes)4b,7 such as the prediction and analysis of the
mechanism of the formation of T8, [RSiO1.5]8,
7d as well as the
structures and catalytic ability of the titanium analogues of POSS,
[HTiO1.5]n and H8TipSi8pO12.
8 In a continuing eﬀort to
employ theory to help understand the chemistry of POSS, and
possibly design new POSS functionalities, a recent investigation
examined the mechanism of H2 encapsulation into POSS with
various sizes, POSS substituted with heavier group 4 and 14
metals,7e substituted T8 (R8T8; R = CH3, SiH3, F, and Li) and
larger T14 ([HSiO1.5]14) and T16 ([HSiO1.5]16)
7f cages with
regard to the future development of molecular sieves and H2
storage. That eﬀort concluded that POSS are promising com-
pounds for this purpose.
The present work applies the ab initio molecular dynamics
(AIMD) method9,10 to examine the mechanism and dynamics for
H2 formation processes inside POSS compounds. AIMD, some-
times referred to as direct dynamics,9a is a classical trajectorymethod
which utilizes ab initio energy gradients on the ﬂy along the
trajectory. This approach avoids the ﬁtting of a potential energy
function in advance, complicated for molecules with more than a
few atoms, although AIMD can require many ab initio electronic
structure calculations. Note that, in AIMD trajectories, nuclei move
on the potential energy surface classically, according to Newton’s
equations of motion, and thus quantum eﬀects for nuclei such as
tunneling and quantization of vibrational energy levels, which can be
important for hydrogen atoms, are not taken into account. In spite
of these limitations, AIMD simulations without empirical potential
functions provide useful new insights into the dynamical process of
H2 formation within POSS compounds. AIMD trajectories are
analyzed by vibrational mapping analyses10 to understand the
dynamics from the viewpoint of vibrational energy transfer from
H2 to POSS compounds.
’COMPUTATIONAL METHODS
Geometry optimizations were performed for all of the mole-
cules at the HartreeFock (HF) level of theory with the
6-31G(d) and basis set.11a All optimized structures were char-
acterized as minima or transition states by normal-mode
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ABSTRACT: The mechanism and dynamics of the formation of a
hydrogen molecule by incorporating two hydrogen atoms in a
stepwise manner into the cavity of some POSS (polyhedral oligo-
meric silsesquioxanes) compounds has been investigated by ab initio
molecular orbital and ab initio molecular dynamics (AIMD)methods.
The host molecules in the present reactions are two types of POSS,
T8 ([HSiO1.5]8) and T12(D2d) ([HSiO1.5]12). AIMD simulations
were performed at the CASSCF level of theory, in which two
electrons and two orbitals of the colliding hydrogen atoms are included in the active space. The trajectories were started by
inserting the second hydrogen atom into the hydrogen atom-encapsulated-POSS (HþH@TnfH2@Tn; n = 8 and 12). In many
cases, the gradual formation of a hydrogen molecule has been observed after frequent collisions of two hydrogen atoms within the
cages. The eﬀect of the introduction of an argon atom in T12 is discussed as well.
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analyses. Furthermore, single-point energy calculations on the
HF optimized geometries were carried out at the second-order
perturbation (MP2)12 level of theory to obtain more reliable
energetics. Especially for the systems involving T8 and T12-
(D2d), the targets of the present AIMD simulations, MP2
calculations with the larger 6-31þG(d,p) basis set11b,c were
also performed to estimate the eﬀect of diﬀuse functions and
polarization functions. The eﬀect on both calculated inclusion
energies and barrier heights is small, the range of energy change
of the former being 1.99.8 kcal/mol while that of the latter
being 1.34.2 kcal/mol. The two basis sets were also compared
for the dissociation process of H2. The CASSCF(2,2) dissocia-
tion curves for the two basis sets are essentially indistinguish-
able. AIMD simulations were therefore carried out for the
processes H þ H@Tnf H2@Tn (n = 8, 12), at the CASSCF-
(2,2) level of theory with the 6-31G(d) basis set, where the two
electrons and the two orbitals of the colliding hydrogen atoms
comprise the active space.
In the AIMD simulations,10 two diﬀerent initial conditions are
considered: (A) inserting the second hydrogen atomwith a small
(0.5 kcal/mol) kinetic energy initiated at the transition state for
the reaction HþH@POSSfH2@POSS, and (B) inserting the
second hydrogen atom with a kinetic energy that is larger than
the energy barrier for the H insertion reaction. The latter is
initiated from 2.5 Å above a POSS face. The transition-state
structures for the insertion of a hydrogen atom into the two types
of POSS (T8 and T12) are shown in Figure 1. As seen in the case
of H2 insertion in the previous study,
7e the face in which the
insertion takes place is expanded compared to the other faces
both in T8 and T12. Scheme 1 shows the initial geometries for the
AIMD simulations on H þ H@Tn f H2@Tn (n = 8, 12) with
initial conditions (A) and (B). The kinetic energy of the second
hydrogen atom in initial conditions B is 60 kcal/mol for T8 and
23 kcal/mol for T12, respectively. The time step was generally
taken to be 0.3 fs, although a smaller time step was employed
when energy conservation was not suﬃcient.
To analyze the energy transfer from the hydrogen atoms to the
vibrational modes of the POSS in AIMD simulations, vibrational
mapping analyses10 were performed, in which atomic coordinates
X(t) and velocities V(t) are transformed to a normal-coordinate
representation as follows
QiðtÞ ¼ LitM1=2ðXðtÞ  XeqÞ ð1Þ
PiðtÞ ¼ LitM1=2VðtÞ ð2Þ
whereQi(t) andPi(t) are the ith normal coordinate and its conjugate
momentum, respectively, Li is the ith normal-mode vector,M is the
atomic mass matrix, and Xeq contains the Cartesian coordinates at
the equilibrium structure. Under the harmonic approximation, the
energy for each normal mode can be evaluated by
εiðtÞ ¼ 12 Pi
2 þ 1
2
λiQi
2 ð3Þ
where the ﬁrst term is the kinetic energy and λi is the force
constant for the ith normal mode.
All calculations were performed with the GAMESS electronic
structure code.13
’RESULTS AND DISCUSSION
1. Formation of a Hydrogen Molecule in T8. Before dis-
cussing the H2 formation process within the cage, consider the
energetics for the insertion process of a hydrogen atom vs a
hydrogenmolecule into Tn. Table 1 shows the relative energies of
the reactants, transition states, and products for the insertion
process ofHorH2 into the POSS, Tn (n= 8, 10, and 12), in (I) Hþ
Tnf H@Tn, (II) H2 þ Tnf H2@Tn, and (III) H þ H@Tnf
H2@Tn. Reactions I and II are endothermic, while reaction III is
exothermic. The latter is not surprising, since it is a radicalradical
recombination reaction. As shown here, the energy barrier for theH
insertion is lower than that for the H2 insertion, but the energy
(especially at the MP2 level) of the inclusion complex H@Tn or
H2@Tn relative to the reactants is not so different between reactions
I and II, except for the smallest cage, T8. The smaller insertion
barrier in reaction I compared to that in reaction II is not surprising if
one considers that the size of a hydrogen atom is much smaller than
that of a hydrogen molecule. Furthermore, it is noteworthy that the
Figure 1. HF/6-31G(d) optimized geometries of the transition structures for the insertion of a hydrogen atom into T8 (left) and T12(D2d) (right) in
angstroms.
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energy of the product (H2@Tn) relative to the reactants (H þ
H@Tn) in reaction III is markedly lower than those for the other
reactions. The MP2 stabilization energy of the product (ΔE =
E(H2@Tn) E(HþH@Tn)) in reaction III is only slightly smaller
than the binding energy of a hydrogen molecule. The binding
energy of a hydrogen molecule in the gas phase is calculated to be
94.0 kcal/mol by the CASSCF(2,2) method. These observations
have motivated the present study, in which the H2 formation in the
Tn cage by inserting two hydrogen atoms in a stepwise manner is
investigated. In order to examine the effect of the size and shape of
the cage, two types of POSS, T8 andT12(D2d) were chosen to be the
host molecules.14
The geometrical changes of the T8 and T12(D2d) cages caused
by the H2 inclusion are shown in Figure 2. Both cages are
expanded by including the impurities as expected, but interest-
ingly, the eﬀect is larger in T12 than in T8, suggesting that the
former cage is ﬂoppier than the latter.
Now consider the MD simulations. First, H2 formation in T8
with the initial condition (A) is discussed. Figure 3a shows the
variation in the kinetic energies of H2 and T8 as a function of
time, while Figure 3b shows the variation in the distances
between the two hydrogen atoms for t = 0140 fs. In this
simulation two hydrogen atoms initially collide at 7.98 fs, and
extreme variations of the kinetic energy are observed (see
Figure 3a). Concomitantly, the two hydrogen atoms approach
each other and then separate to the distance with maximum
potential energy and minimum kinetic energy. The kinetic
energies of the H2 and T8 components, at the HH equilibrium
Scheme 1
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distance (req(HH) = 0.730 Å at the HF/6-31G(d)), are displayed
in Figure 3c, while the amplitude of the HH stretching
vibration, obtained from the diﬀerence between the maximum
and minimum of the HH interatomic distance, is plotted in
Figure 3d.
As time passes, the two hydrogen atoms collide with the wall of
T8 from various directions, and sometimes a hydrogen atom
sticks to an oxygen atom of the cage. As a result, the kinetic
energy of H2 is found to increase once around 200 fs and
gradually decrease as illustrated in the blue line in Figure 3c.
The HH interatomic distance appears to decrease slowly as
shown in Figure 3d.
On the other hand, an insertion of H into H@T8 with initial
condition (B) leads to no formation of an H2 molecule
(Figure 4). The second hydrogen atom with suﬃcient kinetic
energy enters the cage and then pushes the preceding guest H out
Table 1. HF/6-31G(d), MP2//HF/6-31G(d),a and MP2/6-31þG(d,p)//HF/6-31G(d)b Relative Energies (kcal/mol) of
Reactants, Transition State (TS), and Products for the Insertion Process of H or H2 into the POSS, Tn (n = 8, 10, and 12)
c
T8(Oh) T10(D5h) T12(D6h) T12(D2d)
(I)
H þ Tn 0.0 (0.0, 0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0, 0.0)
TS 50.5 (39.9, 37.5) 18.5 (13.8) 5.9 (3.8) 18.7 (14.6,13.1)
H@Tn 14.6 (10.1, 8.2) 5.6 (3.1) 1.9 (0.4) 3.4 (3.7,1.4)
(II)
H2 þ Tn 0.0 (0.0, 0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0, 0.0)
TS 90.4 (75.7, 71.5) 31.4 (24.5) 9.7 (6.5) 31.3 (24.7, 22.0)
H2@Tn 25.1 (17.3, 14.1) 7.8 (3.0) 1.6 (1.2) 4.3 (3.2, 0.1)
(HI)
H þ H@Tn 0.0 (0.0, 0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0, 0.0)
TS 55.6 (44.2, 41.2) 23.6 (18.3)  19.9 (15.0,13.6)
H2@Tn 71.3 (85.4, 95.2) 79.6 (92.7) 82.1 (94.2) 80.9 (93.1, 102.7)
aMP2/6-31G(d) single-point energies at the HF/6-31G(d) optimized geometries, the ﬁrst value in parentheses. bMP2/6-31þG(d,p) single-point
energies at the HF/6-31G(d) optimized geometries, the second value in parentheses. cThe reactions are (I) HþTnfH@Tn, (II) H2þTnfH2@Tn,
and (III) H þ H@Tnf H2@Tn.
Figure 2. Eﬀect of the encapsulation of H or H2 on the geometries (Å) of T8 and T12 at the HF/6-31G(d) level. rab is the distance between Oa and Ob
while rcd is that between Oc and Od in the ﬁgure.
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of the cage after two collisions. Figure 4, a and b, shows changes
of kinetic energies and HH interatomic distance, respectively,
along the trajectory. Note that the second hydrogen atom has a
kinetic energy that is larger than the activation barrier for the H
atom insertion (departure), and also the structure of the entrance
and exit is symmetric in T8.
2. Formation of a HydrogenMolecule in T12(D2d). The next
target is another POSS with a larger and different shape, T12(D2d).
Figure 5 shows snapshots of structures in the early stage of the
reaction H þ H@T12, starting with the initial condition (A)
where the two hydrogen atoms move around considerably in the
cage. Apparently, the larger and “twin-room-like” cavity of T12-
(D2d) allows various motions of the hydrogen atoms. Figure 6, a
and b, shows, respectively, changes of the kinetic energies of
hydrogen atoms and T12 at req(HH) and the amplitude of the
HH stretching vibration along the corresponding AIMD
Figure 3. Changes of (a) kinetic energies of H2 and T8 parts (short period), (b) an HH interatomic distance (short period), (c) kinetic energies of H2
and T8 parts at the HH equilibrium distance (long period), and (d) the amplitude of an HH stretching vibration (long period) along the AIMD
trajectory of the reaction of H þ H@T8f H2@T8 with initial condition (A).
Figure 4. Changes of (a) kinetic energies of H2 and T8 parts and (b) an HH interatomic distance along the AIMD trajectory of the reaction of Hþ
H@T8f H2@T8 with initial condition (B).
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trajectory. Both of these figures are similar to those for H þ
H@T8 starting with the initial condition (A) but the energy
transfer from the two hydrogen atoms to the cage is much slower
in T12 than that in T8, as seen in the change of the kinetic energy
of the cage. This is probably because of the larger cavity of T12.
The slower energy transfer means that the formation of H2 in T12
requires a much longer time than in T8 as shown in Figure 6b.
In the AIMD trajectory for H þ H@T12 starting with the
initial condition (A), the second hydrogen atom is put into the
cage from the D5 face (corresponding to the TS), and then two
hydrogen atoms collide in almost a straight line near the central
region of the cage. This collision leads to a highly excited
vibrational state of the H 3 3 3 H system, with slow translational
and rotational motions. On the other hand, in the AIMD trajectory
with the initial condition (B), where the second hydrogen atom
(H2) attacks the cage from 2.5 Å, with a kinetic energy of 23 kcal/
mol, H2 stops once and stays near the D5 face for several
femtoseconds, and then the ﬁrst hydrogen atom located at the
center of the cage starts to move to the D5 face to make a
hydrogen molecule. As a result, a collision of the two hydrogen
atoms occurs near the D5 face, indicating that the HH system
has a much larger energy (by ca. 23 kcal/mol) than the case with
the initial condition (A). The number of collisions between the
HH system and an inside wall of the cage is much larger with
the initial condition (B) than with the initial condition (A), and
also the translational and rotational motions of the HH system
are relatively activated with the initial condition (B), leading to
more frequent collisions with the wall of the cage.
Figure 5. A snapshot of some structures along the AIMD trajectory in the early stage of the reaction of HþH@T12fH2@T12 with initial condition
(A).
Figure 6. Changes of (a) kinetic energies of H2 and T12 parts at the HH equilibrium distance and (b) the amplitude of an HH stretching vibration
along the AIMD trajectory of the reaction of H þ H@T12f H2@T12 with initial condition (A).
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Figure 7a,b shows changes of the kinetic energies of the
hydrogen atoms and T12 at req(HH) and the amplitude of the
HH stretching vibration along the AIMD trajectory in T12 with
the initial condition (B). Clearly, energy transfer from the
hydrogen atoms to the cage occurs much more eﬀectively
compared to the case starting with the initial condition (A).
The increase of the kinetic energy of the cage seems to be a linear
function. Ultimately, the convergence of the HH interatomic
distance to the equilibrium distance is very fast compared to the
case with the initial condition (A) and the amplitude of the HH
stretching vibration has converged to 0.5 Å around 800 fs. In
addition, contrary to the T8 case with the initial condition (B),
the complex shape of this POSS allows various movements of the
hydrogen atoms, which prevent the escape of the second hydro-
gen from the cage in spite of the large kinetic energy.
3. Effect of an Argon Atom on the Reaction. In the
preceding sections, the energy transfer from hydrogen atoms
to the POSS cage is shown to be the key to the formation of H2.
The next issue is how to promote the energy transfer to make the
formation of a hydrogen molecule more efficient. One possibility
is to encapsulate a rare gas element. Ar atom has been employed
for this purpose in the T12 cavity. In preliminary CCL
15/aug-
cc-pVTZ16 calculations, it was verified that the potential energy
surface of ArH is repulsive. It is expected that the Ar atom could
absorb energy from a highly excited H2 molecule. Before AIMD
simulations were performed for this system, the energetics of the
related complexes and the energy barriers for the insertion of Ar
or an H atom were examined, as summarized in Table 2. As shown
in this table, a large energy is necessary to insert an Ar atom into T12
as expected, but the destabilization of T12 caused by the encapsula-
tion of Ar is not so large: 16.9 kcal/mol at the HF/6-31G(d) level
and 6.4 kcal/mol at the MP2//HF/6-31G(d) level. At the MP2/
6-31þG(d,p)//HF/6-31G(d) level, the inclusion complex is
slightly more stable by 1.9 kcal/mol than the isolated cage plus an
Ar atom. TheHAr interatomic distance is 2.214 Å inHAr@T12,
corresponding to a potential energyminimum, even though the gas-
phase HAr potential is repulsive. The large energy barrier for H
and Ar atoms to escape seems to keep both of them inside the cage.
The energy ofHAr@T12 relative toHþAr@T12 is 29.5 kcal/mol
(22.9 with MP2//HF/6-31G(d) and 20.1 kcal/mol with MP2/6-
31þG(d,p)//HF/6-31G(d)), while that of H2Ar@T12 to H þ
HAr@T12 is 67.7 (85.0 and 91.7) kcal/mol. The large
negative value of the latter case almost corresponds to the binding
energy of H2 molecule.
The initial geometry for the reaction, H þ HAr@T12, is
displayed in Figure 8. The second hydrogen (labeled H2) is
inserted with a kinetic energy of 0.5 kcal/mol, from the center of
Figure 7. Changes of (a) kinetic energies of H2 and T12 parts at the HH equilibrium distance and (b) the amplitude of an HH stretching vibration
along the AIMD trajectory of the reaction of H þ H@T12f H2@T12 with initial condition (B).
Table 2. HF/6-31G(d), MP2//HF/6-31G(d),a and MP2/
6-31þG(d,p)//HF/6-31G(d)b Relative Energies (kcal/mol)
of Reactants, Transition State (TS), and Products for Three
Reactions, (I) Ar þ T12f Ar@T12, (II) H þ Ar@T12f
HAr@T12, and (III) H þ HAr@T12f H2Ar@T12
reaction reactants TS products
(I) 0.0 (0.0, 0.0) 116.1 (89.1, 86.3) 16.9 (6.4, 1.9)
(II) 0.0 (0.0, 0.0) 51.2 (41.2, 38.5) 29.5 (22.9, 20.1)
(III) 0.0 (0.0, 0.0) 25.7 (20.0, 18.7) 67.7 (85.0,-91.7)
aMP2/6-31G(d) single-point energies on the HF/6-31G(d) optimized
geometries, the ﬁrst value in parentheses. bMP2/6-31þG(d,p) single-
point energies at the HF/6-31G(d) optimized geometries, the second
value in parentheses.
Figure 8. Geometry of the starting point for the AIMD trajectory of the
reaction of H þ HAr@ T12 f H2Ar@T12. The ﬁrst encapsulated
hydrogen atom (labeled as H1) is inside the cage while the second
hydrogen atom (labeled as H2) is placed on the center of a D5 face. At
this point, the interatomic distances are as follows: r(ArH1) = 2.214 Å,
r(ArH2) = 2.472 Å, r(H1H2) = 2.114 Å.
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a D5 face of HAr@T12.17 In AIMD simulations, the heavy Ar
atom seems to stay at the initial position, and the two hydrogen
atoms move violently in the remaining space in the cage. This
means that themovement of the hydrogen atoms is rather limited
in space compared to the case without an Ar atom. The kinetic
energies of the H2 and T12 components at req(HH) and the
amplitude of the HH stretching vibration are depicted in
Figure 9, a and b, respectively. As seen in Figure 9a, the kinetic
energy of the T12 part increases more eﬃciently than the reaction
without the Ar atom in the early stage (within ca. 200 fs). In
contrast, the Ar atom itself obtains very little energy from the
hydrogen atoms (only 0.17 kcal/mol at t = 804.0 fs) so the energy
change of Ar atom is omitted from this graph. The ﬂuctuations of
the HH interatomic distance of two hydrogen atoms gradually
decrease within 800 fs, and the amplitude of the HH stretching
vibration has converged to 0.3 Å, but the vibration seems to be
still lively compared to the case of T12 with the initial condition
(B) even after time has passed. The collisions of two H atoms in
the limited space may be one of the reasons for this behavior. The
energy transfer from the hydrogen atoms to the cage takes place
in the early stage of the trajectory as already mentioned, and the
kinetic energy of the cage apparently does not subsequently
increase. The introduction of the Ar atom reduces the kinetic
energy of the cage to about half of that for T12 with no Ar, with
the initial condition (B) at t = 800 fs. This might be due to the fact
that the hydrogen atommotions are restricted when the Ar atom
is present. Therefore, the introduction of the Ar atom eﬀectively
enhances the energy transfer from the hydrogen atoms to the
cage, especially in the early stage of the trajectory, since the Ar
atom causes frequent collisions of the hydrogen atoms in the
limited available space. In the longer time span (∼ 1 ps),
however, the movement of the hydrogen atoms within the cage
Figure 9. Changes of (a) kinetic energies of H2 and T12 parts at the HH equilibrium distance and (b) the amplitude of an HH stretching vibration
along the AIMD trajectory of the reaction of H þ HAr@ T12f H2Ar@T12.
Table 3. A List of Normal Vibrational Modes of T8, T12, and Ar@T12 That Get a Signiﬁcant Energy Transfer from Internal
Collisions with Hydrogen Atoms in AIMD Simulations
mode of T8 mode of T12(D2d)
no. character no. character
11 OSiO wagging 8, 12, 29 SiOSi bending
22 SiOSi and OSiO bending 28, 36, 37, 39, 42, 46, 56 OSiO and SiOSi bending
25, 28 SiOSi bending 32 cage breathing
27 cage breathing 103, 106 SiO stretching
34 SiO stretching 120 SiH stretching
50 HSiO and SiOSi bending
mode of Ar@T12(D2d)
no. character
2, 18 SiOSi wagging
3 SiOSi bending, Ar vibrating
6, 12, 46 SiOSi bending
11 SiOSi and OSiO bending
Ar vibrating
13 Ar vibrating
24, 33 SiOSi and OSiO bending
57 SiH stretching, OSiO bending
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brings about eﬃcient energy transfer as shown in Figure 7a; in
this case the hydrogen atoms have a large kinetic energy. It
appears that the introduction of an Ar atom increases the
likelihood of the formation of H2 without a large kinetic energy.
The introduction of an Ar atom is an eﬃcient way to enhance
the formation of H2 in POSS cages. The introduction of lighter
rare gas atoms or other light molecules that ﬁt easily in the cages
might also be interesting possibilities for this purpose. Such
calculations will be reported in due course.
4. Vibrational Mapping Analysis. The results discussed
above clearly indicate that the energy transfer from hydrogen
atoms to the POSS cage is an important component of the
formation of a hydrogen molecule inside the cage. Now, consider
which POSS modes are activated by collisions with hydrogen
atoms, by applying a vibrational mapping analysis.10 The energy
of each normal mode is estimated using eq 3.
Table 3 shows the number and character of those normal
vibrational modes of T8, T12, and Ar@T12, which obtain
signiﬁcant (>0.5 kcal/mol) energy transfer from hydrogen atom
collisions. Some of normal mode vectors are also displayed in
Figure 10. Many of the relevant modes are SiOSi or
OSiO bending modes. Some vibrational modes are activated
even at the starting point (0 fs) of the trajectory. This seems to be
more prevalent for the initial condition (A) than for the initial
condition (B). This activation is related to the distortion of the
cage structure due to the introduction of the ﬁrst hydrogen atom.
This distortion is larger for initial condition (A), for which the
starting structure H 3 3 3 H@T8 corresponds to the transition
state. For initial condition (B), only the totally symmetric cage-
breathing mode (mode 27 in which all SiOSi and OSiO
bending modes synchronize) is activated at the starting point
since the second hydrogen is far from the cage.
Figure 10. Pictures of selected normal modes in Table 3. The movements of the atoms are shown by arrows. The last number of the labels corresponds
to the mode number in Table 3.
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Figure 11a displays distributions of energies for several T8
normal modes at t = 0, 330.9, and 822.3 fs for the reaction of Hþ
H@T8 with the initial condition (A). Apparently, as time passes,
energy is distributed to various vibrational modes. Mode 28
(SiOSi bending vibration) in particular is found to be
markedly activated by energy transfer from hydrogen atoms.
Figure 11b shows similar plots for the reaction Hþ H@T8 with
the initial condition (B) at t = 0 (starting point) and t = 68.3 fs
(after one hydrogen was pushed out). As already mentioned,
only the totally symmetric cage-breathing mode is activated
initially, but at t = 68.3 fs, energy is distributed to some other
normal modes.
Figure 12, a and b, shows the results of the same analysis for the
reaction in T12 with the initial conditions (A) and (B), respec-
tively. As seen in the T8 reaction, energy is distributed to various
vibrational modes as the reaction proceeds. In the reaction with
the initial condition (B), the number of activated vibrational
modes is larger than for the initial condition (A), due to more
frequent collisions between HH and the cage. Furthermore,
the cage-breathing mode (mode 32) is activated initially, as in the
Figure 11. Energy distributions of vibrational modes of T8 at selected points along the AIMD trajectory for the reaction of HþH@T8fH2@T8: (a)
with initial condition (A); (b) with initial condition (B).
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T8 reaction (mode 27) with the initial condition (B). So, the
existence of a hydrogen atom on the face of POSS (initial
condition (A)) prevents an excitation of this type of vibration.
Because of the larger cavity in T12, the eﬀect of the encapsula-
tion of a hydrogen atom on the cage structure is smaller than in
T8, and so the activated energies of the vibrational modes initially
are smaller than those in T8.
For the reaction in the presence of an Ar atom, the vibrational
mapping analyses have been performed in terms of (Figure 13)
(a) the normal modes of T12, and (b) the normal modes of
Ar@T12. At the starting point, more normal modes of T12 are
activated by the hydrogen atoms in the presence of Ar atom than
without the Ar atom, suggesting that Ar has a signiﬁcant eﬀect on
the T12 cage. In terms of the normal modes of Ar@T12, however,
fewer vibrational modes (modes 3, 6, and 12) are activated
initially compared to those of T12.
Among the activated modes, mode 3 involves the vibration of
Ar atom. The energy of mode 3 almost does not change even
after time has passed (at t = 804 fs). Furthermore, the other
vibrational modes involving the vibration of Ar atom (modes 11
and 13, see Table 3) do not seem to be activated at t = 804 fs.
Based on these observations, the modes containing movement of
Figure 12. Energy distributions of vibrational modes of T12 at selected points along the AIMD trajectory for the reaction of HþH@T12fH2@T12:
(a) with initial condition (A); (b) with initial condition (B).
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the Ar atom do not get much energy in the AIMD simulations
and energy is distributed to various SiOSi bending modes as
in the other cases.
’CONCLUDING REMARKS
Previous studies have focused only on the statics of small
molecules that are enclosed inside POSS cages; that is, the focus
has been on identifying stationary points on the potential energy
surfaces of interest. In the present work, the reaction dynamics for
the process of formation of a hydrogen molecule in the cavity of
some POSS compounds has been investigated. Two types of
POSS compounds with diﬀerent size and shape, T8 and T12-
(D2d), were selected as the host molecules. The guests, two
hydrogen atoms, were inserted into the host in a stepwise manner
under two diﬀerent initial conditions.
The AIMD dynamics simulations show that the two hydrogen
atoms collide frequently with each other and transfer the excess
energy to the cage; a hydrogen molecule is gradually formed in
many cases. This energy transfer from the hydrogen atoms to the
cage is the key for the H2 formation in POSS compounds. T8
seems to get the energy more eﬃciently than T12, since the T8
cage is smaller than the T12 cage. However, the ﬁrst hydrogen
atom is pushed out of the cage when the kinetic energy of the
second hydrogen is large, because of the simple prism structure of
this cage.
On the other hand, for T12, H2 formation is predicted to be
diﬃcult if the kinetic energy of the hydrogen atoms is small,
because the energy transfer is very slow. Nevertheless, because of
the complicated structure of T12(D2d), a hydrogen atom rarely
escapes from the cage, even if the kinetic energy is larger than the
energy barrier for the insertion of a hydrogen atom. The T12-
(D2d) results suggest that in addition to the kinetic energy of the
guest, the shape and size of the cavity are also important for the
success of the reaction. In order to enhance the energy transfer, a
rare gas element, Ar atom, was introduced into the T12 cage. This
promotes the energy transfer at an early stage, probably because
the presence of the Ar atom limits the movement of the two
hydrogen atoms. The Ar atom itself does not seem to gain
signiﬁcant energy during the AIMD simulation. Over all, in the
present study, the insertion of a hydrogen atom with a large
kinetic energy into T12(D2d) has the highest probability for the
H2 formation reaction. The introduction of an Ar atom into the
cage is also eﬀective for the formation of H2 without a large
kinetic energy.
Finally, a vibrational mapping analysis has been performed to
examine the energy distribution among the normal vibrational
modes of the host molecule. The energy is distributed to various
normal modes of the cage as the reaction proceeds, especially to
SiOSi bending modes. The ﬂatness of the potential energy
surface of the SiOSi bending motion may help to promote
reactions such as the one investigated here by acting as an
eﬃcient energy acceptor.
As an extension of the present study, an investigation of the
formation of multiple hydrogen molecules or polar molecules in
the larger cage is under way.
Figure 13. Energy distributions of vibrational modes of (a) T12 and (b) Ar@T12 at selected points along the AIMD trajectory of the reaction of Hþ
HAr@T12f H2Ar@T12.
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